In this research fall time harvested corn residue (CR) was first mechanically pretreated to produce 5 mm chopped and <500 µm ground particles, which underwent an anaerobic digestion (AD) process to produce biomethane and biofertilizer. Another sample of CR was pretreated by an alkaline hydrothermal (HT) process using 1%, 2% and 3% NaOH to produce solid biocarbon and the resulting alkaline hydrothermal process water (AHTPW), a co-product of biocarbon, underwent fast digestion under AD conditions to produce biomethane and biofertilizer. A predetermined HT process of 240 • C for 30 min was considered and the effect of alkali content on the HT process for biocarbon and biomethane product a rate of 8.21 MJ kg −1 and 9.23 MJ kg −1 of raw CR, respectively. Among the three selected alkaline HT processes, the 1% NaOH HT process produced the highest hybrid bioenergy of 11.39 MJ kg −1 of raw CR with an overall energy recovery of 62.82% of raw CR. The AHTPW of 2% and 3% NaOH HT-treated CR did not produce considerable amount of biomethane and their biocarbons contained 3.44 MJ kg −1 and 3.27 MJ kg −1 of raw CR of bioenergy, respectively. The biomethane produced from 5 mm chopped CR, <500 µm ground CR and 1% alkaline AHTPW for 30 days retention time were of 275.38 L kg −1 volatile solid (VS), 309.59 L kg −1 VS and 278.70 L kg −1 VS, respectively, compared to non-treated CR of 144-187 L kg −1 VS. Nutrient enriched AD digestate is useable as liquid fertilizer. Biocarbon, biomethane and biofertilizer produced from the 1% alkaline HT process at 240 • C for 30 min can reduce the greenhouse gas (GHG) emissions of Ontario.
Introduction
Lignocellulosic biomass (LB) such as wood, agricultural residues, energy crops, grass, forest residues, etc. is an alternative source to fossil fuel energy in North America [1] . Corn (Zeya mays L.) residue (CR) is a potential bioenergy producing LB, which could reduce foreign oil dependency. Global CR production is 885.3 Mt year −1 (grain/residue ratio of 1:1 basis) of which 35.5% is in the USA and 1.21% (10.70 Mt year −1 ) is in Canada [2] [3] [4] . CR alone accounts for about 58% of the total agricultural crop residues of Canada [5] . About 62% (6.6 Mt year −1 ) of Canadian CR is produced in Ontario [4] . All available agricultural residues have the potential to be converted into bioenergy production [6, 7] but CR is currently decomposed as unharvested in the farm due to the unavailability of suitable technology at the farm level, therefore this unharvested CR produces greenhouse gases (GHGs). Although anaerobic digestion (AD) of agricultural feedstock has a high GHG-saving potential to produce renewable energy, but AD of the secondary feedstocks such as crop residue and agricultural waste is recognized as a viable solution for GHG emission reduction [8] . Aboveground CR can provide 2.66 to 2.93 t ha −1 year −1 of soil organic carbon (SOC) into soil [3] , which needs 5.91 to 6.51 ha −1 year −1 of CR. For the water and wind erosion protection, along with the retention of soil organic matter (SOM), with acceptable pH values. This alkali-added hydrothermal treated combined process is referred here as the alkaline hydrothermal process.
Among the various LB pretreatment methods, hydrothermal pretreatment of LB produces more biogas than any other method using treated and untreated LB. Biogas production can be increased by 132% and 226% for alkali (NaOH) and hydrothermal pretreatment of LB, respectively, compared to its untreated condition [36] . The HT process produces solid, liquid (aqueous soluble) and gaseous (CO 2 ) products. HT of 260 • C temperature contains about 40% of organic carbon in its HTPW, which has potential to be used in anaerobic digestion [37] to produce biomethane. After (mandatory) addition of alkali (NaOH or KOH) to change the pH [38] of HTPW from 2.3 to 3.5 [35] to neutral, it can produce biogas in an AD process. Phenolic compounds cause strong AD inhibition both in autoxidation and gas production in wet conditions [39] . Raw, 3% NaOH pretreated (not heated) and HT pretreated at 250 • C for 10 min of rice straw could produce 140.0 L kg −1 , 184.8 L kg −1 and 315.9 L kg −1 VS, respectively, in a mesophilic AD study using 60 days retention time [38] . Among all chemically pretreated CRs, the CR treated with H 2 O 2 and NaOH for 1 h, followed by a mesophilic batch AD process, produced 66.27% and 57.18% more biomethane, respectively, than untreated CR of 187 L kg −1 VS biomethane. All other chemically treated CRs produced lower biomethane than these two, but 23-43% hemicellulose and 24-45% lignin were removed in these chemical pretreatments [40] , which is a significant mass loss of the AD substrate. Steam explosion at 250 • C and 1.2 MPa for 10 min produced 55% more methane than untreated CR of 144 L kg −1 VS as the maximum whereas 1.5% KOH treated CR produced 45% more methane. On the other hand, 1.5% KOH mixed CR at 250 • C and 1.2 MPa for 10 min produced 80% more methane than untreated CR of 143.8 L kg −1 VS [41] .
From the above information, it can be noted that mechanically pretreated LB in water will be of neutral pH; alkali treated LB will be of higher pH value (>7.0) than that of HT-treated strong acidic slurry. Mechanically pretreated LB still will have a constructional barrier to AD microbes. Alkaline HTPW, referred to as AHTPW below the microbial inhibition limit, will have possibility to overcome the above problems to maximize biomethane production. Limited addition of alkali in a predetermined HT process with controllable inhibitory parameters can maximize biomethane and biocarbon production. Therefore for this fixed hydrothermal process condition, addition of three individual levels of alkali such as 1%, 2% and 3% of NaOH were considered. Here it can be noticed that 8000 mg L −1 Na in AD substrate is strongly inhibited and 3500-5500 mg L −1 Na in AD substrate is moderately inhibited [42] . That means 1% NaOH can provide 5750 mg L −1 Na in water. But in a hydrothermal process some Na will be in the solid biocarbon as ash. Therefore, 1%, 2% and 3% NaOH were considered to be added to find out the suitable AHTPW to produce a maximum amount of biomethane in AD and biocarbon as the co-product. Biocarbon will be available for upgrading in a suitable acidic wash. Mechanical treatment needs only chopping or blending or grinding technology. Raw and mechanically-treated CR can produce biomethane only in AD whereas alkaline hydrothermally-treated CR can produce two types of bioenergy: biomethane and biocarbon. Both can produce liquid biofertilizer as the AD digestate. Therefore both types of treatment were selected for maximizing bioenergy and biofertilizer production ( Figure 1 ).
Bio-waste to resource recovery and management systems produces sustainable green energy, which reduces climate change [43] . Biomass is a source of energy and nutrients and the recovery of these two resources at useable form is challenging. The recent waste management strategy launched in 2016 by the Government of Ontario in Canada is the circular economy which aims to eliminate waste, keep resources in use to extract the maximum value, minimize waste generated at the end-of life, deliver a more competitive economy and help to reduce environmental impacts. The Circular Economy is beyond recycling compared to the traditional linear economy of make-use-dispose (landfill) strategy [44] [45] [46] . Bio-carbon production from biomass is an established technology where organics in hydrothermal process water are unused. Various researchers have mostly used hydrothermal processes in 250 • C to 270 • C for 10 min to 60 min for good quality biochar production where the 35% to 45% soluble biomass in the process water was unused. In this research we considered complete available biomass both in the soluble and insoluble fractions in hydrothermal process water for bioenergy production and nutrient recovery.
To the best of our knowledge, the enhancement of methane production in AD with coproduction of biocarbon using liquid stage alkaline HT pretreated fall harvested CR has not been studied. The aim of the present study was to produce biocarbon and biomethane from CR and AD digestate used in corn/crop farms as biofertilizer. Production of biocarbon and biomethane in an alkaline HT process is a new concept. The AD digestate will be available to be used as biofertilizer. This concept will enrich the resource recovery strategy of a corn growing country with zero waste production as shown in Figure 1 and will reduce GHG emissions.
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Methodology

Sample Collection and Feedstock Preparation
Fall harvested above ground standing plant CR was used as the substrate of this study. Complete corn plant samples were manually harvested (above 6 to 10 cm from the ground) from a southern Ontario farm in the fall of 2015 (5 November 2015). Ontario farmers traditionally harvest a small portion of CR in the spring when 7% to 10% silica is mixed with CR during harvesting and the spring harvested CR ash content is about 10% to 15% [12] where its combustion quality is decreased, therefore, fall-time harvested CR was considered for this research. Harvested plants were brought to the Biorenewable and Innovation Laboratory of the University of Guelph, Ontario and ears were immediately separated from plants, then leaves and tassels were cut off from the stalk and weighed. Then all of these components were dried at up to 103 °C ± 2 °C for 24 h and an additional 48 h (for a total of 72 h) to follow ASABE standards, S358.2 (ASABE standard, 2008) [47] to determine the moisture content and dry matter. The dried sample was stored in Ziploc ® plastic bags for laboratory experiments. For the sustainable CR harvesting, leaves, stalk and tassels were considered as CR for further laboratory experiments. During grain harvesting in the fall by a combine, cobs and husks are spread into the land where they are degraded before the next spring. Roots with 6-10 cm stem, cobs and husks are kept in the soil [48] , which can be the source of SOM. The rest of the CR can be divided into two major parts, namely leaves (including the sheath) and stems (including shanks, tussels and lower ears). According to research results from Iowa State University, after separating cobs and 
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Mechanical Pretreatment
Collected dry CR was chopped by a sheet metal cutter into ≤5 mm size at predetermined composition on a dry basis of leaves and stem that were mixed up for individual batches. A sample of same composition was ground at 420 rpm in a ball mill (model: RETSCH PM 100, RETSCH Mill, CL, USA) for 4 min and sieved to <500 µm size. For each batch, 5% feedstock total solid (TS) was maintained by taking 18.5 g dried CR and 350 mL deionized water.
Alkaline Hydrothermal Pretreatment
The cellulose degradation starting temperature is normally 220-240 • C and the hemicellulose degradation starting temperature is normally 180-200 • C, respectively, in non-catalytic HT processes [50, 51] . In the HT process, cellulose is converted into glucose but hemicellulose is converted into xylose within 230 • C for ≤30 min, which are suitable to AD but at ≥250 • C temperature these two products are converted into furan compounds [52] . Therefore, the degraded organics of HTPW of the 240 • C for 30 min hydrothermal process were suitable for an AD process to produce biomethane. CR was chopped to ≤5 mm and soaked in 1%, 2%, and 3% NaOH water for 3 h as recommended by Teater et al. [53] so that CR stayed as 5% of the mixture and it was maintained by taking 18.5 g dry CR and 350 mL deionized water. Excess soaked water was decanted and this sample was transferred into a Parr 600 mL series 4560 mini reactor (Parr Instrument Company, Moline, IL, USA), deionized water (same as was decanted) was added into the reactor and liquid stage HT was carried out at 240 • C for 30 min following the method of Minaret and Dutta [7] . The liquid and solid hydrochar (i.e., biocarbon) mixture of the reactor was separated using a 20 µm filter paper. The solid sample was placed in an aluminum container and it was kept in the muffle furnace to dry up according to the ASTM E1756 (at 103 • C ± 3 • C for 24 h). The filtered liquid, which is AHTPW, was transferred into a glass container, sealed and kept it at 4 • C in a refrigerator to use in AD for biogas production. A schematic diagram of CR harvesting, collection and the sample preparation for alkaline hydrothermal pretreatment of CR, its product separation and resource recovery is shown in Figure 2 . husks the fall harvesting above ground CR dry matter is composed of about 60% stem and 40% leaves [49] . The CR collected for this research was of the same composition. Therefore, for the consistency of laboratory experiments, the fall harvesting CR composition of 40% leaves dry matter and 60% stem dry matter was maintained for all experiments of this research.
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Ultimate Analysis, Proximate Analysis and Higher Heating Value
Ultimate analysis, proximate analysis and higher heating value (HHV) of the raw CR (ash included) and biocarbons produced from different alkaline hydrothermal conditions were determined. The TS was determined according to the ASTM E1756 method by drying at 103 • C ± 3 • C for 24 h in a muffle furnace. To account for the presence of volatile fatty acids (VFAs) and organics of low boiling point in HTPW and food waste AD inoculum, the same muffle furnace was set at 60 • C for 96 h to dry them without loss. Then the dried samples were ground at 420 rpm for 4 min in a ball mill (model: RETSCH PM 100) and stored it in a desiccator. According to the ASTM E1755 method, the ash content of TS was determined. TS was combusted at 575 • C ± 25 • C for 3-5 h in a muffle furnace to determine ash content. ASTM E872 method was followed to determine volatile matter. The muffle furnace was set at 950 • C ± 20 • C for 7 min to determine ash content. CHNSO analyzer (Model: FLASH 2000, Thermo Scientific, Waltham, MA, USA) was used to determine elemental composition of dry TS and bio-carbon. This is known as ultimate analysis (determination of carbon, hydrogen, nitrogen, sulfur and oxygen). The HHV of all samples were determined in dry with ash basis using a bomb calorimeter (model: IKA C200, IKA, Wilmington, NC, USA) after calibration for uniform measurement. Alkali content of AHTPW was determined and it was deducted from alkaline total solid (ATS) of AHTPW and found the organic TS portion of AHTPW. It was used to compare with mechanical pretreated CR for biomethane production:
Alkali in biocarbon = Weight of dry biocarbon × (ash content of alkaline biocarbon − ash content of non-alkaline biocarbon) (1)
Organic TS content = ATS − Alkali content (4)
Elemental Analysis
Dried ground sample of <50 µm was mixed in deionized water to make a 5% TS-containing mixture for AD and it was further diluted 100 times for laboratory experiments and elemental analysis. The 100 times dilution was carried out for maintaining the limit of the used kits and laboratory equipment. The K content of AHTPW and raw CR solution was determined in Agricultural and Food Laboratory of the University of Guelph where an Inductively Coupled Plasma (ICP) analyzer was used. Nitrogen (N) was determined by using HACH TNT 880 kits, phosphorus (P) was determined by using HACH TNT 843 kits and sulfur (S) was determined by using HACH TNT 864 kits. The used block digester model was a HACH DRB 200 (HACH, Loveland, CO, USA) and the spectrophotometer model was HACH DR 5000 (HACH, Loveland, CO, USA). Total organic carbon (TOC) was determined by a TOC meter (Model: TOC-VCPN, Shimadzu Corporation, Kyoto, Japan). Total VFA of liquid samples was determined by HACH TNT 872 kits and COD (chemical oxygen demand) of liquid samples was determined by HACH 21259 kits (COD vial), respectively.
Anaerobic Digestion
Two mechanically treated (chopped and ground) CR samples (Section 2.2) and AHTPW of three fixed diluted alkaline CRs such as 1%, 2% and 3% NaOH (Section 2.3) were taken in 160 mL biochemical methane potential (BMP) bottles and set them in an incubator with shaker facility (New Brunswick Scientific; capacity: 88 BMP bottles to produce biogas in AD. A BMP bottle of 63 mm diameter was filled with 25 mL CR or AHTPW substrate with 25 mL seed inoculum. Inoculum was collected from the municipal food waste AD plant of Toronto and kept it in a refrigerator at 4 • C. Inoculum was used within 3 days of collection. AD batch experiments were set up in such a condition that the substrate and inoculum volume ratio was 1:1 [41, 54] . The pH of the mixture was recorded by a digital pH meter. The mixture pH range was set at 6.5 to 7.5 by using trace amount of acetic acid (for a few BMP bottles). Then the BMP bottles' inside air were removed by flushing with nitrogen gas for about two minutes. Then each bottle was closed and sealed immediately after flushing. Each type of substrate was triplicated in BMP bottle to carry out AD. As reference, three BMP bottles were filled with 50 mL inoculum only to carry out AD in this way. The AD temperature was set at 36 • C ± 1 • C in the shaker incubator and all sealed BMP AD bottles were set in the hole of the incubator tray and started running. Biogas volume of each BMP AD was measured by a 50 cc glass gas syringe once in a day (at a fixed time). This helped to maintain the biogas production pattern consistency. The volume of biogas produced in each BMP AD was recorded every day for 30 days and the total biogas production was determined by their summation. Most of the farm AD processes are carried out for 20 to 30 days retention time, which is a common practice. In case of cellulose AD treatment, the daily biogas production rate from cellulose is dropped to 0 around the day 30 [55] . In this research the methane potential for a long period of time was not determined, because AD digestate was considered to use as liquid bio-fertilizer where a portion of organic carbon was available for SOC source along with SOM which is important for sustainable crop production. An amount of 5 to 20 cm 3 biogas was collected in a glass gas syringe from each individual BMP AD every day and immediately it was injected onto a Gas Chromatography (GC), GC-Thermal Conductivity Detector (GC-TCD) 6890N from Agilent Technologies (Mississauga, ON, Canada) to determine its composition (CH 4 and CO 2 ). The used GC column was pre-calibrated by standard gas. Then AD digestate nutrients were determined. The method is explained in Section 2.5.
Energy Recovery
The energy recovery ratio (ERR) of resultant products compared to raw CR was calculated according to the used method of two previous researches [56, 57] . The ERR of bio-carbon and bio-methane produced in this research was calculated according to the following equations [56] :
ERR bio-methane (%) = 100 × (Yield bio-methane × HHV bio-methane)/HHV CR (6) ERR (%) = ERR bio-carbon (%) + ERR bio-methane (%)
Here, ERR bio-carbon and ERR bio-methane are energy recovery ratio for bio-carbon and energy recovery ratio for bio-methane, respectively compared to raw dry CR.
Results and Discussion
Proximate and Ultimate Analysis of Corn Residue and AD Inoculum
The collected feed stock (mentioned in the Section 2.1) was characterized (mentioned in the Section 2.4). The feedstock characterization results are given in Table 1 . 
Composition of Corn Residue and Its Alkaline Hydrothermal Process Water
According to Section 2.5, laboratory analytical experiments were carried out which are shown in Table 2 . The total solid content in AHTPW was increased for increase of its alkali concentration. Therefore the VS content of AHTPW was decreased for increase of its alkali concentration. For presence of alkali (e.g., NAOH), some lignin is degraded and it stays in the liquid AHTPW. The C/N ratio for 1% NaOH treated AHTPW was the lowest (37.27) among three AHTPW samples. C/N ratio of 2% and 3% NaOH treated AHTPW were close to raw CR because higher delignification occurred [33] , which stayed in AHTPW. Therefore its TS say ATS, TOC and nitrogen content were higher but COD content was lower than 1% NaOH treated AHTPW (Table 2) . It can be noticed that non-alkaline HTPW had pH of 3.83 whereas 1%, 2% and 3% AHTPW had pH of 6.10, 9.00 and 9.80, respectively. After 240 • C, NO 3 − started to convert into N 2 gas [58] but for the fixed temperature and time, here only alkali had an effect on the C/N ratio. Therefore based on these three alkaline hydrothermal processes, the 1% AHTPW was suitable for further AD treatment because of its 6.10 pH and C/N ratio of 37. In next section we will compare the biomethane production of mechanically-treated and alkali-treated CR. Mechanical pretreatment of CR was carried by: (i) chopping to 5 mm size and (ii) grinding and sieving to <500 µm size for anaerobic digestion, which is described in Section 2.2. The biomethane production from 5% TS containing AD of these two mechanically-treated CRs are shown in Figure 3A ,B, respectively, in L kg −1 TS and L kg −1 VS basis. Biomethane production from 5 mm chopped and <500 µm ground AD were 233.50 ± 13.87 L kg −1 TS and 262.50 ± 5.91 L kg −1 TS, respectively, for 30 days retention time whereas these values were 275.38 ± 16.35 L kg −1 VS and 309.59 ± 6.97 L kg −1 VS, respectively in VS basis. The ground CR produced 12.42% more biomethane than chopped CR. The grinding operation could break down the hard structure of CR, which helped in hydrolysis and AD microbes faced less barriers than in chopped CR. Here it can be noticed that, after the sieving operation, the oversized CR portion (not used in this research) would possibly contain a higher amount of lignin due to its strong structure. Untreated CR can produce 143.8 L kg −1 VS methane [41] to 186.74 L kg −1 VS methane [40] . Here it can be noticed that CR contains high moisture (≥50%) during corn harvesting time and it needs drying before grinding, which consumes drying and grinding operational energy, but if it is possible to blend into <500 µm size material, then the same result can be attained. For blending operations, fiber can create problems. Chopping is possible during co-harvesting of CR with grain harvesting. Farm level available silage corn harvesting machinery can be applied after slight modification to chop CR at 1-2 mm size to get better results. Bio-methane production from dry chopped CR and dried ground CR had minor differences. Drying facilities are not available at the farm level. Ontario farmers traditionally keep their CR unharvested until natural sun drying in the next spring and within this time about 66% of the dry matter is lost. When it is harvested in the spring, about 10-15% soil is mixed with it [12, 59] . For this reason the wet chopped pre-treatment CR in the fall is favorable for AD compared to ground CR.
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Biomethane produced in the AD process from different AHTPW both on an ATS and organic TS basis, is shown in Figure 4A and VS basis is shown in Figure 4B . It can be noticed from these two figures that biomethane production from 2% alkali-and 3% alkali-added AHTPW stopped on day 13 and day 4, respectively, after production of trace amounts of biomethane (19.25 Lkg −1 VS and 7.34 Lkg −1 VS, respectively). Added alkali in the alkaline hydrothermal pretreatment would stay both in produced biocarbon as ash and mixed in AHTPW. Organic TS of AHTPW was determined following the method of Section 2.4. Hemicellulose and cellulose degradation starting temperature is normally 180-200 °C and 220-240 °C, respectively in non-catalytic HT processes [50, 51] . In HT processes, within 230 °C for ≤30 min residence time cellulose is converted into glucose. Xylose is formed from hemicellulose with 230 °C treatment for ≤30 min. These two products are suitable for AD but at ≥250 °C temperature these two products are converted into furan compounds [52] . About 90% of the primary sugar of cellulose and hemicellulose stays in HTPW of 200 °C to 260 °C [60, 61] . The sugar content of HTPW reached the maximum at 230 °C for 40 min to 60 min and after that it decreased with the increase of HT temperature and residence time [52] . At a constant residence time of 10 min, water insoluble (biocarbon) content is decreased from 80% of feedstock at 180 °C to 39.5% for feedstock at 280 °C following a constant decreasing rate but under the same conditions the organic content in HTPW remains comparatively constant from 200 °C to 240 °C, after that it decreased at a constant rate [51] . The HTPW containing hemi-cellulosic and cellulosic organics like sugar and fatty acids (mostly acetic acid) are suitable for AD; but with the increase in process temperature > 240 °C cellulosic sugar (hexose, i.e., glucose) is converted into HMF in the 230 °C to 260 °C range and then levulinic acid and formic acid [51, [60] [61] [62] [63] , which are AD process inhibitors. 
Biomethane produced in the AD process from different AHTPW both on an ATS and organic TS basis, is shown in Figure 4A and VS basis is shown in Figure 4B . It can be noticed from these two figures that biomethane production from 2% alkali-and 3% alkali-added AHTPW stopped on day 13 and day 4, respectively, after production of trace amounts of biomethane (19.25 L kg −1 VS and 7.34 L kg −1 VS, respectively). Added alkali in the alkaline hydrothermal pretreatment would stay both in produced biocarbon as ash and mixed in AHTPW. Organic TS of AHTPW was determined following the method of Section 2.4. Hemicellulose and cellulose degradation starting temperature is normally 180-200 • C and 220-240 • C, respectively in non-catalytic HT processes [50, 51] . In HT processes, within 230 • C for ≤30 min residence time cellulose is converted into glucose. Xylose is formed from hemicellulose with 230 • C treatment for ≤30 min. These two products are suitable for AD but at ≥250 • C temperature these two products are converted into furan compounds [52] . About 90% of the primary sugar of cellulose and hemicellulose stays in HTPW of 200 • C to 260 • C [60, 61] . The sugar content of HTPW reached the maximum at 230 • C for 40 min to 60 min and after that it decreased with the increase of HT temperature and residence time [52] . At a constant residence time of 10 min, water insoluble (biocarbon) content is decreased from 80% of feedstock at 180 • C to 39.5% for feedstock at 280 • C following a constant decreasing rate but under the same conditions the organic content in HTPW remains comparatively constant from 200 • C to 240 • C, after that it decreased at a constant rate [51] . The HTPW containing hemi-cellulosic and cellulosic organics like sugar and fatty acids (mostly acetic acid) are suitable for AD; but with the increase in process temperature > 240 • C cellulosic sugar (hexose, i.e., glucose) is converted into HMF in the 230 • C to 260 • C range and then levulinic acid and formic acid [51, [60] [61] [62] [63] , which are AD process inhibitors. Pentoses (arabinose, xylose) are a type of sugar in hemicellulose that is generally degraded into furfural and various organic acids at temperatures above 220 • C [61, 64] . On the other hand, a trace amount of lignin-derived compounds also remains in the HTPW which are mainly phenolic compounds [65] . In the HT process of ≤250 • C cellulose derived glucose does not degrade into furan compounds such as HMF, 2-furaldehyde (2-FA), levulinic acid and lactic acid, but it is mostly degraded at 300 • C temperature [66] . Addition of NaOH or Ca(OH) 2 , to lignocellulosic biomass in HT treatment loosens the bonds between lignin and hemicellulose, increasing the specific surface area and enzymatic digestibility to produce the highest glucose levels, whereby NaOH addition improves the efficiency of HT processes [67, 68] . The hydrothermal temperature of 250 • C is the determining temperature for formation of HMF, levulinic acid, formic acid, lactic acid, glycolic acid etc. in pure water medium [51, 60, 69] . In acid/alkaline catalytic hydrothermal process of 250 • C is required for full conversion of glucose where 16% is HMF [69] .The yield of formic acid and acetic acid increased rapidly with the increase in temperature until 220 • C, but the yield of AD-inhibitory levulinic acid (a HMF degradation product) is increased at a very low rate until 240 • C and after that at a higher rate. The yield of glycolic acid is increased at a low constant rate until 260 • C temperature and after that the rate is increased [51] . In alkaline hydrothermal condition glucose conversion into HMF is lower than in neutral and acidic hydrothermal condition at the same temperature. The maximum HMF in HT process is produced at pH 1.5 to 2.5, whereas minimum HMF is produced at pH 2.9 to 10 with non-degradation of fructose [69] . Barkat et al., [39] studied bio-methane production from furan and lignin-derived compounds and found that 450, 430, 453, and 105 mL CH 4 were produced, respectively per gram of HMF (cellulose derivative), furfural (hemicellulose derivative), syringaldehyde (lignin-derivative) and vanillin (lignin derivative) in 20-30 days retention time although these are normally called inhibitory substances in AD.
Under both basic and acidic conditions nitrate is converted into nitrogen in a reduction reaction and the destruction of NO 3 − reaction is accelerated by increasing the temperature (200-350 • C), pressure (4-18 MPa) and time. At a pH value of 4, 4.5% of NO 3 − is converted into N 2 at 250 • C and <30 min residence time, which is increased to 100% at 350 • C temperature and 2 h residence time [58] and as a result the C/N ratio is increased. Therefore, the selected hydrothermal process of 240 • C for 30 min is suitable for alkaline HT process for maximum useable bioenergy recovery both in biocarbon and biomethane compared to raw CR. In this HT process condition, production of furan compounds such as HMF, levulinic acid, lactic acid etc. may remain at a trace amount. It can be noticed from Figure 4A ,B that biomethane production from 2% alkali and 3% alkali added AHTPW stopped on day 13 and day 4, respectively, after production of trace amounts of biomethane (19.25 L kg −1 VS and 7.34 L kg −1 VS, respectively). From the calculation of the alkali content of AHTPW, it can be noticed that 8223 mg L −1 and 7188 mg L −1 of Na, respectively were present in these two AHTPW, which strongly inhibits AD. AD microbes are strongly inhibited by 8000 mg L −1 Na and the medium inhibited by 3500-5500 mg L −1 Na in the AD substrate [42] . Previous researchers used higher amount of alkali for pretreatment of CR for delignification and the liquid was squeezed or filtered out before their AD set up. Separated liquid contained lignin products which were phenolic compounds and it was in high alkali metal which strongly inhibits AD [39] . Pretreatment of LB by 3% NaOH reduces 24-45% lignin from LB without heating [41] which stayed in the AD substrate. Alkali pretreatment by 10% NaOH can remove 45% lignin and 54% hemicellulose, respectively [70, 71] . These two reasons can be responsible for interfering with the 2% and 3% alkaline AHTPW AD and basically they did not produce biogas. The pH values of substrates were adjusted before AD set up. The organic TS of 1% NaOH, 2% NaOH and 3% NaOH added AHTPW were calculated to be 2.58%, 3.36% and 4.03% wet basis, respectively. It can be calculated from Table 2 and Figure 4A that the 1% alkaline hydrothermal process water produced 174.83 ± 6.15 L kg −1 ATS, 240.56 ± 8.49 L kg −1 organic TS and 278.70 ± 9.84 L kg −1 VS, respectively. The total biomethane production can also be presented in the form of ATS, organic TS, VS, COD and TOC ( Figure 4C ). It can be noticed from this figure that at 1% alkaline hydrothermal treated CR can produce biomethane of 174.83 ± 6.17 L kg −1 ATS, 240.56 ± 8.49 L kg −1 organic TS, 278.70 ± 9.84 L kg −1 VS, 99.11 ± 6.8 L kg −1 COD and 999.03 L kg −1 TOC of AHTPW, respectively. To the best of our finding, previous researchers could enhance methane production from corn residue to maximum of 258.8 L kg −1 VS from 1.5% KOH (K of 10,446 mg L −1 ) mixed CR at 250 • C and 1.2 MPa for 10 min steam explosion. It produced 80% more methane than untreated CR of 143.8 L kg −1 VS where alkali pretreatment duration time was 12 h at 20 • C. Previous researchers squeezed its black liquor out from their samples before set up for AD [41] . Therefore a large portion of KOH, hemicellulose and lignin (VS) would be removed and huge waste water with diluted lignin and hemicellulose was produced as black liquor. Basically methane was produced from cellulosic VS in their research. Though their methane production is high based on unit weight of VS, it might not be high enough based on total VS of CR. A large portion of lignin and hemicellulose were separated with black liquor. A typical olive wood sample could reduce solid in steam explosion for 5 to 25 min at 190 • C to 240 • C followed by a peroxide and alkali pretreatment for 12 h where solid of 37.45% of CR at 190 • C and 23.80% of CR at 240 • C, respectively were used for AD [72] . If this black liquor was not separated, then it supposed to be within K inhibition limit and phenolic inhibition limit of AD. Methane production from 2% KOH (K of 13,929 mg L −1 ) treated CR was 205.1 L kg −1 VS after separation of black liquor [41] . Potassium inhibition in AD is 2500-4500 mg L −1 for medium inhibition and 12,000 mg L −1 for strong inhibition [42] . The liquid hydrothermal process to maximize biomethane and biocarbon production from CR can be 240 • C for 30 min where oxidation could control for keeping the process at liquid stage. The process of our present research is the combination of alkali treated (chemical treatment) and liquid hydrothermal of 240 • C for 30 min. This process increased not only the biomethane production but also produced another solid biofuel referred as biocarbon to use as substitution of coal. In addition, the AD digestate was available for use as biofertilizer.
Based on above discussion, the appropriate hydrothermal process condition for maximum useable bio-carbon (biochar) and hydrothermal process water suitable for anaerobic digestion was selected as 240 • C for 30 min for this research.
Biomethane Yield Comparison between Mechanical and Alkaline Hydrothermal Treated Corn Residue
Cumulative biomethane production for 30 days retention time from two mechanically pretreated (5 mm chopped and <500 µm ground) and 1% alkaline hydrothermal treated CR in VS basis is shown in Figure 5 . The biomethane produced from 5 mm chopped, <500 µm ground and 1% alkaline hydrothermal pretreated CR was 275.38 ± 16.35 L kg −1 VS, 309.59 ± 6.97 L kg −1 VS and 278.70 ± 9.84 L kg −1 VS, respectively. The ground mechanically treated CR produced the highest biomethane but this pretreatment needs extra arrangements for drying and grinding operations which can be replaced by blending operations for wet CR. The fiber present in CR can create operational problems. Chopping can be easily completed if CR is co-harvested with grain harvesting period. Silage harvester can perform this operation after little modification. Biomethane produced from AHTPW and 5 mm chopped CR in AD process was similar (278.70 L kg −1 VS and 275.38 L kg −1 VS). The alkaline hydrothermal pretreatment produces two types of bioenergy such as biomethane and biocarbon. Biocarbon can be used as a substitute for coal. Therefore the two types of bioenergy of 1% alkaline HT treated CR together produced higher amount of bioenergy compared to only biomethane from mechanical pretreated (chopped or ground) CR. The fuel quality of biocarbon produced from 1% alkaline hydrothermal pretreated CR will be discussed in the next section. 
Biocarbon from Alkaline Hydrothermal Treated Corn Residue
The effect of the alkali composition in the alkaline hydrothermal process condition of 240 • C for 30 min on mass yield, energy yield and ash content is shown in Figure 6A and their HHVs are shown in Figure 6B , respectively. Mass yield and energy yield were determined based on methods used by Kambo and Dutta [73] . Mass yield and energy yield of biocarbon samples were reduced with increase in alkali content for this hydrothermal process whereas their ash content were increased by the increase of alkali content ( Figure 6A ). Non-alkaline, 1% alkaline, 2% alkaline and 3% alkaline hydrothermal process of 240 • C for 30 min produced biocarbon contained 47.41%, 32.51%, 31.32% and 31.43% mass yield, respectively. They contained energy yields of 60 
The effect of the alkali composition in the alkaline hydrothermal process condition of 240 °C for 30 min on mass yield, energy yield and ash content is shown in Figure 6A and their HHVs are shown in Figure 6B , respectively. Mass yield and energy yield were determined based on methods used by Kambo and Dutta [73] . Mass yield and energy yield of biocarbon samples were reduced with increase in alkali content for this hydrothermal process whereas their ash content were increased by the increase of alkali content ( Figure 6A ). Non-alkaline, 1% alkaline, 2% alkaline and 3% alkaline hydrothermal process of 240 °C for 30 min produced biocarbon contained 47 In a recent study, hydrothermal liquefaction of macro-algae at 350 °C for 15 min produced 9.8-17.8 wt % biocrude, 10.9-18.6 wt % biochar and some aqueous organics [57] with potential energy values. Compared to this result, the 1% alkaline hydrothermal process of 240 °C for 30 min produced 51.16 wt % organics suitable for AD and 29.06 wt % organics as bio-coal on an ash-free basis. Coconut husks can produce hydrochar of 77.1 wt % at 140 °C, which is reduced to 67.8 wt % at 200 °C in hydrothermal carbonization for 1-4 h time [74] , whereas miscanthus can produce biochar of 72.5 wt % at 190 °C and 44.9 wt % at 260 °C in hydrothermal carbonization for 30 min time [73] . In In a recent study, hydrothermal liquefaction of macro-algae at 350 • C for 15 min produced 9.8-17.8 wt % biocrude, 10.9-18.6 wt % biochar and some aqueous organics [57] with potential energy values. Compared to this result, the 1% alkaline hydrothermal process of 240 • C for 30 min produced 51.16 wt % organics suitable for AD and 29.06 wt % organics as bio-coal on an ash-free basis. Coconut husks can produce hydrochar of 77.1 wt % at 140 • C, which is reduced to 67.8 wt % at 200 • C in hydrothermal carbonization for 1-4 h time [74] , whereas miscanthus can produce biochar of 72.5 wt % at 190 • C and 44.9 wt % at 260 • C in hydrothermal carbonization for 30 min time [73] . In both cases, organics in the liquid were not used for bioenergy production. Biomass with high moisture can be converted into relatively pure bio-oil in hydrothermal liquefaction with high yields compared to pyrolysis processes [75] . For liquefaction of high lipid and high moisture biomasses such as algae, the hydrothermal process is considered as a promising technology [76] . The bio-carbon produced in alkaline hydrothermal process is useable as a substitute for coal. The ultimate analysis (CHNSO content) and HHV of bio-carbon produced in non-alkaline and 1% alkaline hydrothermal process in ash free condition are shown in Table 3 . Table 3 . CHNSO content and HHV of non-alkaline and 1% alkaline hydrothermal process produced bio-carbon in ash free condition. 
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Hybrid Bioenergy Production
In the alkaline hydrothermal process, two separate product streams such as the water insoluble organics and water soluble organics are produced. The produced biocarbon and water-soluble organics are alkaline, which is the ash content in the case of biocarbon. Therefore the amount of alkali addition in the alkaline hydrothermal process is the limiting factor for HHV of biocarbon and biomethane produced from AHTPW. Biocarbon is considered to be used as a substitute of coal where minimum ash content is desired. On the other hand, mechanically-treated CR produced only biomethane. HHV of methane is 55.53 MJ kg −1 methane with density of 0.717 kg m −3 [77] at 0 • C temperature and atmospheric pressure which is equivalent to 35.178 MJ m −3 at 36 • C temperature and atmospheric pressure. The produced biomethane of these hydrothermal processes were converted into their higher heating value (methane volume in m 3 kg −1 TS × HHV of methane in MJ m −3 ). Biocarbon and biomethane produced at 240 • C for 30 min residence time provided useable energy. In context of useable energy yield with reference to raw dry CR, mechanically treated and alkali-treated hybrid bioenergy production was considered. In the AD, 2% alkali and 3% alkali added hydrothermal process water did not produce considerable amount of biomethane, which is discussed in Section 3.3.2. The useable bioenergy produced using 5 mm chopped CR and <500 µm ground CR were 8.21 ± 0.0.49 MJ kg −1 CR and 9.23 ± 0.21 MJ kg −1 CR, respectively. On the other hand, hybrid bioenergy production from 1% alkaline, 2% alkaline and 3% alkaline CR were 11.39 MJ kg −1 CR, 3.44 MJ kg −1 CR and 3.27 MJ kg −1 CR, respectively. For 2% alkaline and 3% alkaline CR, only biocarbon was produced with 42.72% and 47.48% ash, respectively ( Figure 6A ). Although 1% alkaline CR produced biocarbon of 10.62% ash with HHV of 21.58 MJ kg −1 , it can be upgraded to ash-free biocarbon of HHV of 24.15 MJ kg −1 ( Figure 6B ) after acidic washing or other ash removing technology, it will be ready to use as a substitute of coal. Therefore, based on this research, the most favourable alkaline hydrothermal process condition of corn residue for hybrid useable bioenergy production is the 1% alkaline treatment at 240 • C for 30 min residence time. Previous researchers found biomethane production from raw CR in AD process was 144 L kg −1 VS [41] to 187 L kg −1 VS [42] , which is equivalent to 122 L kg −1 TS to 151 L kg −1 TS (energy value of 4.29 MJ kg −1 raw CR to 5.31 MJ kg −1 raw CR) based on this research. The overall discussion pointed that it would have possibility to produce less energy from ground CR in AD because of grinding losses. On the other hand grinding operations consume extra energy for drying. Therefore after considering technical and energy consumption aspects, mechanically-treated chopped CR might be favorable to the farmers for bioenergy production. In this research the HT process consuming energy is not considered, but considering the high specific heat capacity value of water, increasing the amount of water in the hydrothermal reactor increases the HT process consumption of energy [57] , which can be minimized by using a maximum composition of biomass in the process. Therefore, optimization of CR and water ratio for minimum HT process energy consumption value is important for a HT process. In the case of two similar studies, of 7.7% (dry) corn husk with 92.3% water and 14.3% miscanthus with 85.7% water were used in hydrothermal process to produce good quality biochar [7, 73] . This hybrid energy production from hydrothermally processed biomass (both solid and liquid) has not been carried out by any other researchers until this research. Therefore this hybrid bioenergy production from hydrothermally processed corn residue represents an innovation in the bioenergy production area.
Energy Recovery
Based on the data of this research the ERR equaled 45.28% and 50.91% of raw CR, respectively, for mechanically treated 5 mm chopped and <500 µm ground CR in the AD process. Previous researchers found that the untreated CR energy recovery (ERR) in the AD process equaled 23.66% to 29.29% of raw CR based on the HHV of raw CR of 18.13 MJ kg −1 [41, 42] . Use of impurity-free fall harvested CR may be one reason for the higher ERR value of the mechanically-treated CR of this research. Another prominent reason might be use of smaller sized CR for mechanical treatment in this research. On the other hand, 1% alkaline hydrothermal treated (240 • C for 30 min) CR recovered hybrid energy (ERR) of 62.82% of raw CR where ERR bio-carbon and ERR bio-methane were 38.76% and 24.06%, respectively. It can also be noticed that for only biocarbon production, 2% alkaline and 3% alkaline HT treated CR recovered 18.97% and 18.04% energy of raw CR with 42.72% ash and 47.48% ash, respectively. Due to their very high ash contents, these two biocarbons are not useable. ERR of ground CR in the AD process is 11.91% less compared to the ERR of the 1% alkaline-HT treated CR. Therefore 1% alkaline HT-treated CR can recover the highest amount of hybrid bioenergy of 62.82% of raw CR with two useable bioenergy sources (biocarbon and biomethane). Although the alkaline hydrothermal process for biocarbon and biomethane production was not carried out until this research, some studies on alkaline hydrothermal liquefaction were carried out. The energy recovery from alkaline liquefaction of brown macro-algae can be over 80% higher compared to its non-alkaline liquefaction [57] . The presence of lipid content in brown macro-algae may be the main reason. The alkaline liquefaction of the swine carcass recovered energy of 93.63% due to the presence of high fat [56] . Most of the lipids of brown macro-algae and fat content of swine carcass were converted into bio-oil. On the other hand, CR is mostly composed of hemicellulose, cellulose and lignin. Their HHVs are also lower than those of lipid and fat. In case of AD of AHPW, some carbon stays in unconverted form in the AD digestate, which is ultimately available as SOC source when the digestate is used as liquid fertilizer in the corn farm.
Nutrient Recivery
The digestate of AHTPW AD is available for use as liquid fertilizer. The nutrient contents of HTPW (non-alkaline) and AHTPW (alkaline, which would stay in AD digestate with their unchanged value [78, 79] , were determined according to Section 2.5 in the Environmental Engineering laboratory. The nutrient contents of AD digestate were then evaluated for TS of 1% alkaline AHTPW (Table 4) . It can be calculated from Tables 2 and 4 (for TS) that, 20.16% nitrogen, 12.23% phosphorus, 18.41% potassium and 12.38% sulphur are recoverable if the AHTPW AD digestate is applied on the harvested corn field. For biogas enhancement, biomass treated by NaOH and KOH have similar effects but due to its higher price the use of KOH is discouraged [30] . Considering the difficulty of Na recycling [80] , KOH may be a substitute of NaOH for its environmental benefit but for its higher cost, it may not be considered although waste streams containing KOH are considered as a fertilizer [30] . On the other hand, if biocarbon is upgraded by H 2 SO 4 washing, its waste water will be S rich and this liquid also will be a source of nutrients. AD digestate would be S enriched if it can be mixed with wastewater of biocarbon ash removal with H 2 SO 4 . This will reduce the use of chemical fertilizer on corn farms. If all processes were available in the farm area, then biocarbon upgrading waste water and AD digestate as liquid fertilizer can be mixed to apply it on the corn farm. Thus S-containing chemical fertilizer application in the farm will be reduced which will indirectly save fertilizer cost for farmers. 
Further Study
Further study at bench scale for bioenergy and nutrient recovery is suggested in the laboratory. After successfully completion of this study, further pilot scale study is suggested at a corn farm area for corn residue hybrid bioenergy conversion and nutrient recovery to use back in the corn farm as a resource recovery concept. The pilot scale further study is shown in the Figure S1 of supplementary material.
Conclusions
In this research two mechanically pretreated fall harvested CRs, namely 5 mm chopped and <500 µm ground and three alkaline-treated, namely 1% NaOH, 2% NaOH and 3% NaOH HT pretreated CR were examined for maximum bioenergy production and nutrient recovery. The 1% NaOH added alkaline hydrothermal treated CR at 240 • C for 30 min HT process could produce biomethane at 278.70 ± 9.84 L kg −1 VS and biocarbon of 21.58 MJ kg −1 ATS with ash of 10.62% db. Mechanically treated 5 mm chopped and <500 µm ground CR produced biomethane at 275.38 ± 16.35 L kg −1 VS and 309.59 ± 6.97 L kg −1 VS. Alkaline HT pretreatment with 2% and 3% alkali did not produce considerable amounts of biomethane from AHTPW containing excess alkali due to its inhibition of AD and their solid biocarbons also had low HHVs (10.99 MJ kg −1 ATS and 10.39 MJ kg −1 ATS) with ash content of 42.72% and 47.48%, respectively. The 1% alkaline hydrothermally treated CR recovered the highest amount of hybrid bioenergy of 62.82% of raw CR with two useable bioenergy sources (biomethane and biocarbon). The nutrient-rich AHTPW AD digestate was available as liquid fertilizer to apply into the corn farm. Further suggested study for corn residue hybrid bioenergy conversion and nutrient recovery to use back in the corn farm as a resource recovery concept is suggested.
However, for hybrid bioenergy (biomethane and biocarbon) production from 1% alkaline HT process of CR at 240 • C for 30 min residence time with higher energy production of 11.39 MJ kg −1 CR was observed compared to mechanically pretreated CR. Although energy production in the hybrid system was better than only biocarbon or biomethane production in recent studies, there is a possibility to further increase biomethane production from AHTPW after reducing their high C/N ratio (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) to a normal range (20) (21) (22) (23) (24) (25) . Co-digestion with high nitrogen-containing biomass such as municipal food waste can be an option. In this case the hybrid bioenergy yield will be increased if these two undervalued biomasses are used in bioenergy production. AD digestate would be S enriched if it can be mixed with the wastewater from the biocarbon ash removal by H 2 SO 4 . This will reduce the use of chemical fertilizer on corn farms. This concept will reduce GHG emissions. However, for commercial application, proper safety precaution training is required for operators of liquid alkaline hydrothermal processes at the farm level.
Supplementary Materials: The following are available online at www.mdpi.com/1996-1073/11/3/516/s1, Figure S1 : Further study for hybrid bioenerygy conversion from corn residue in the resource recovery concept.
